Versatile time-dependent spatial distribution model of sun glint for satellite-based ocean imaging," J. Appl. Remote Sens. 11(1), 016020 (2017), doi: 10.1117/1.JRS.11.016020. Abstract. We propose a versatile model to describe the time-dependent spatial distribution of sun glint areas in satellite-based wave water imaging. This model can be used to identify whether the imaging is affected by sun glint and how strong the glint is. The observing geometry is calculated using an accurate orbit prediction method. The Cox-Munk model is used to analyze the bidirectional reflectance of wave water surface under various conditions. The effects of whitecaps and the reflectance emerging from the sea water have been considered. Using the moderate resolution atmospheric transmission radiative transfer model, we are able to effectively calculate the sun glint distribution at the top of the atmosphere. By comparing the modeled data with the medium resolution imaging spectrometer image and Feng Yun 2E (FY-2E) image, we have proven that the time-dependent spatial distribution of sun glint areas can be effectively predicted. In addition, the main factors in determining sun glint distribution and the temporal variation rules of sun glint have been discussed. Our model can be used to design satellite orbits and should also be valuable in either eliminating sun glint or making use of it.
Versatile time-dependent spatial distribution model of sun glint for satellite-based ocean imaging 
Introduction
The study of the characteristics of light reflected from the ocean's surface is important in optical marine remote sensing. The specular reflection of the sun off ocean waves is termed sun glint. 1 Sun glint is typically much larger than signals taken from the water body, which makes retrieval of geophysical variables such as chlorophyll concentration and suspended sediment difficult or even impossible. Sun glint could cause serious problems in water environmental monitoring, underwater ecosystem research, and target detection on water surface. From the beginning of ocean remote sensing, sun glint has been recognized as a potentially confounding factor. Thus, there has been a fair amount of research on the subject. Kay et al. provided a thorough review of the physical processes that engender sun glint, as well as existing mitigation strategies. 2 The most straightforward way to deal with the sun glint problem is to avoid it by an appropriate choice of place and time for image acquisitioning, so that remote sensing images can truly show the characteristic of water body. Many satellite-borne ocean color sensors, such as sea-viewing wide field-of-view sensor (SeaWiFS), ocean color and temperature scanner (OCTS), and coastal zone color scanner, can be tilted 20 deg from the nadir to minimize sun glint. 2 However, for those sensors that do not have a tilting capability, such as medium resolution imaging spectrometer (MERIS), moderate resolution imaging spectroradiometer (MODIS), and HY-1, this avoidance strategy is not possible. Thus, further research is needed in the field of sun glint distribution. The roughness of water surface in different positions and the observing geometry can affect the signal received by a sensor. The remote sensing images usually cover large areas, so different pixels can be differently affected by sun glint. We need to analyze how the distribution of sun glint is affected so that we can provide a theoretical model for sun glint correction and target detection. In ocean color images, the coverage, center, and intensity of sun glint is not only related to satellite orbits and fields of view, but is also related to the atmosphere, the ocean state, and the satellite overpass time. The whitecaps can affect surface reflectance in sun glint regions. The underlight also contributes to the observed reflectance. A reasonable orbit and inclined-scanning will greatly reduce the effects of sun glint. Thus, it is necessary to further investigate sun glint especially in ocean color remote sensing onorbit predictions. 3 Just as stated above, the ordinary way in ocean color remote sensing is to identify and mask out glint-affected regions before processing and retrieval. This has the effect of reducing the spatial coverage of desired dataset, particularly in the tropics. On the other hand, sun glint has a unique importance in remote sensing. 4 Sun glint images can be used to retrieve the roughness of wave surface 5, 6 and calculate wind speed above the ocean's surface. [7] [8] [9] Since the Fresnel reflectance off water surface is only slightly dependent on wavelength, the intensity of the glint at visible and NIR wavelengths will vary almost in the same way and there will be low NIR radiation from the water body. Thus, the NIR reflection can be used to measure the amount of glint at various wavelengths. 1 Sun glint can also be used for cross calibration of various wavebands 10 or to provide certain information about the atmosphere. 11, 12 It can be used to obtain the aerosol optical depth 13, 14 and water vapor, to detect methane in the atmosphere, 15 to detect oil slicks, 16 or inner waves of ocean. 17 One must fully understand the distribution pattern and intensity of sun glint either to avoid the negative effects caused by sun glint or to make use of them. Our work is to develop a versatile method to calculate the temporal and spatial distribution pattern of sun glint in different satellite orbits, so that the sun glint effects in ocean remote sensing can be better evaluated and utilized for other purposes.
This includes any sun synchronous orbits, geostationary orbits, or other recursive orbits. We first build up an orbit modeling system for Earth observation satellites to calculate the observing position and geometry. Combining the orbit model with the sensor parameters, we can ascertain the instantaneous imaging areas of the Earth's surface. The corresponding solar incident geometry can be easily obtained by the geographical coordinate of each pixel. Solar position is calculated according to related astronomic theory. All of the geometry parameters (solar azimuth angle and zenith angle, observing azimuth angle and zenith angle) within satellite imaging can be calculated for each pixel at any observing time. This paper uses the Cox-Munk's slope probability distribution model to calculate the reflectance of sun glint off the ocean's surface. The effects of whitecaps and reflectance emerging from the sea water are evaluated using Sayer's method. 18 The sun glint signals received by satellite-based sensors are determined after taking into consideration the extinction impact of a radiative transfer through the atmosphere. The effects of sun glint on remote sensing images will be evaluated for a specific satellite and sensor in a given period of time. The modeled sun glint areas are then compared with the actual satellite remote sensing images in order to validate the correctness of our satellite-based sun glint model. The temporal characteristics of the sun glint in the image for a whole year is analyzed.
Methodology
To determine whether the image is affected by sun glint and how serious it is, three major factors have been considered. (1) Observing geometry: the observing geometry for each pixel is calculated by time, satellite orbit, and sensor parameters. ( 2) The state of the ocean surface: wind speed and wind direction decide the whitecaps and wave slope probability distribution, which is used to calculate the bidirectional reflection distribution function of the ocean surface. The reflectance emerging from the sea water (underlight) is calculated. (3) The atmospheric condition or transmittance: the apparent reflectance or radiance at satellite level can be evaluated after considering the radiative transfer process in the atmosphere and the sun glint area. The flowchart for estimating the spatio-temporal distribution of sun glint for satellite-based imaging is demonstrated in Fig. 1 .
Calculation of Sun and Satellite Positioning and Observing Geometry
In order to obtain the observing geometry of a satellite-based sensor, one must first work out the satellite's position in the Earth's coordinate system. The longitude and latitude of subsatellite tracks can be calculated by using either the actual or a hypothetical satellite orbit. The effects of the Earth's nutation and the planet's perturbation on the orbit are ignored for lack of related data. The basic orbital elements include the right ascension of ascending (or descending) node Ω, orbit inclination i, orbit semimajor axis a, elliptical orbit eccentricity e, and argument of perigee ω, indicated in Fig. 2 . 19 For a satellite in a sun-synchronous orbit, its right ascension of the ascending node (Ω) varies about 0.985647 deg ∕day. The detailed orbit and observing geometry calculation process can be found in Appendix A. 25 The classic Cox-Munk model has proved remarkably robust. As mentioned above, this model is currently used to predict and, where possible, correct sun glint contamination for a number of ocean color sensors. The reflectance off the surface of the ocean is computed from the geometric parameters using the Cox-Munk model, which considers wave surface as a collection of facets. The direction of each facet is represented by its slope. The probability distribution of facet slopes depends on wind speed and direction. The probability of wave facet with certain slope is given by the following equation: 5 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 5 3 7 (1) can be found in Cox and Munk. 5 We can calculate sun glint reflectance after the probability of the wave slope is determined. Wave shadowing can occur as a result of steep wave slope at a large incident or observation zenith angle. Wave shadowing factor S is also taken into consideration, which is given by Ottaviani et al. 21 and Saunders. 26 Thus, the sun glint reflectance can be written as 
where rðωÞ is Fresnel reflectance with the incident angle ω. θ s is the solar zenith angle, θ o is the observing zenith angle, and Δφ is the relative azimuth angle between solar and observing direction. A more detailed description for the calculation of ocean surface's bidirectional reflectance property can be found in our previous paper. 28 
Background radiance
In addition to the sun glint, other sources of radiation have to be considered: (1) the skylight reflected at the sea surface, and (2) the sunlight scattered by particles beneath the sea surface, and (3) the scattered light in the atmosphere. Undoubtedly, there are more contributions to the background light. Koepke describes the ocean surface reflectance as being composed of three terms representing different sources of upwelling radiation. 29 First, light can be reflected off whitecaps in the rough ocean surface. With winds of speeds greater than 7 m∕s, whitecaps usually appear on the ocean. Whitecaps can affect surface reflectance in sun glint regions. Second, it can be reflected off the foam-free portion of the surface. The contributions from these two factors will depend on the roughness of the sea surface, which is determined by the wind speed. Third, light that is scattered by molecules within the water body can penetrate the surface and be scattered back up into the atmosphere. The reflectance of an ocean surface ρ os can be assumed as the sum of three components dependent on the wavelength λ 18 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 9 1 ρ os ðλÞ ¼ ρ wc ðλÞ þ ð1 − WÞ½ρ g ðλÞ þ ρ sw ðλÞ;
where ρ wc is the reflectance due to whitecaps, ρ g is the sun glint reflectance at the ocean surface, and ρ sw is the scattered reflectance emerging from sea water. W is the relative area covered with whitecaps that can be parameterized in terms of wind speed (ws) for water temperatures greater than 14°C
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E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 1 1 6 ; 6 8 7
The optical influence of whitecaps is given by the product of the area of each individual whitecap and its corresponding reflectance. 29 However, the area of an individual whitecap increases with its age while its reflectance decreases. Koepke defines an effective reflectance of ocean foam patches ρ ef and calculates ρ wc as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 1 1 6 ; 6 0 7 ρ wc ðλÞ ¼ W · ρ ef ðλÞ:
In the visible spectral range, the effective reflectance ρ ef is a constant value ð22 AE 11Þ%. The reflectance emerging from sea water can be expressed as Eq. (6). 31 n w is the refractive index of water. T d (θ s ) and T u (θ o ) are the transmittances of downward and upward radiation, respectively. Coefficient r u is the mean reflectance for upward radiance at the water-air boundary, and a constant value of 0.485 is used according to Sayer 31 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 1 1 6 ; 5 1 5
The model described here is designed for case I waters (typically open ocean) because they cover the majority of the Earth's surface and scattering in case II waters is less well-understood. The irradiance reflectance just below the water surface R w ðλÞ can be expressed as Eq. (7). 32 b b ðλÞ and aðλÞ are backscattering coefficient and absorption coefficient for case I water, respectively. The parameterized scheme of b b ðλÞ and aðλÞ can refer to Morel. 32 The chlorophyll concentration data in the simulation region are obtained from the GlobColour project 33 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 1 1 6 ; 3 9 7 R w ðλÞ ¼ 0.33b b ðλÞ∕aðλÞ:
Because we focused our study on the influence of solar and viewing angles and the ocean state on the image dynamic range in different satellite orbits, we made some hypotheses: infinite water depth. We did not take into account the influence of the bottom reflectance in this global satellite image simulation. We also assumed that the atmosphere composition was homogeneous for all images. We are of course aware that this is not realistic, but to evaluate the effect of solar and viewing angles, we needed to fix some parameters and make the others vary.
Apparent reflectance at satellite level
The atmosphere strongly affects the signal received by satellite-based sensors. In the evaluation of sun glint at satellite level, the atmospheric extinction effects need to be considered. In this paper, we provide two methods to calculate the sun glint at the TOA. The first one is to integrate the MODTRAN model into our sun glint image simulation process. This method is accurate but time consuming in modeling the whole image strip. The second one is to calculate the apparent reflectance at the TOA by only considering the transmittance of atmosphere (i.e., avoiding computationally expensive radiative transfer calculations needed to address scattering effects). It is a simple and fast method that is widely used in the current ocean color sensor. We adopt the first method in the normal simulation, whereas the second method is adopt in the validation with MERIS image since MERIS sun glint correction takes the later method. The second method is described as follows.
Since the sun is not only highly directional but also by far the brightest part of the sky, its reflection completely dominates that of the other parts of the sky. Ocean emissions, reflected skylight, and path radiance are neglected as they are significantly weaker than the reflected solar radiation in most typical cases. 34 The atmospheric transmittance can be approximately described by the following equation:
where τ R and τ OZ are the optical depths of Rayleigh scattering and ozone, respectively. θ s and θ v are the solar zenith angle and the view zenith angle, respectively. When we take MERIS product as the validation data, we get the value of the ozone column density from the MERIS level 2 product. The apparent reflectance at the TOA can be expressed as 35 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 1 1 6 ; 6 5 2
where ρ g is the reflectance on the ocean's surface.
To simulate the sun glint areas in an image, the following steps are carried out. First, the subsatellite position should be calculated so that the imaging area (a line of pixels) can be determined. Then the observing geometry of each pixel can be calculated together with the solar zenith angle and azimuth angle. The observing geometry information is then input to the Cox-Munk model so the reflectance on the ocean surface can be calculated. The ocean surface reflectance is calculated by combining the sun glint reflectance, whitecaps reflectance, and the reflectance emerging from sea water. After considering the simple transmittance of atmosphere or using the MODTRAN program, the TOA reflectance of the image can be calculated. The sun glint pixels are judged by comparing the reflectance with the threshold value. The modeled image is plotted out pixel by pixel.
Results and Discussion

Model Validation
As a validation, we first choose the MERIS image, which is onboard the environment satellite (ENVISAT) of the European Space Agency (ESA). ENVISAT is a polar-orbiting observation satellite that provides measurements of the atmosphere, ocean, land, and ice. MERIS is dedicated to measurements of ocean color in both the open oceans and coastal areas. Sun glint correction has been introduced in MERIS product processing. 35 In its level 2 product, there are flags of high glint and medium glint areas that offer us suitable validation resources. The detailed calculation process of high glint and medium glint flags is given in by Bourg et al. 35 We set the simulation parameters according to the ENVISAT and MERIS sensors. Figure 3 shows the subsatellite track of ENVISAT in 24 h from 00:00 in September 13, 2006 . The simulated data have been validated by comparing with ENVISAT's actual data. The main orbital elements of ENVISAT are listed in Table 1 .
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MERIS uses a sweep imaging method and its field of view is about 68 deg. The swath of each scene is 1150 km with a resolution of 1200 m. 23 During the simulation, the algorithm calculates the satellite's position, the imaging area, and the solar position in a time interval of 1 s. For an arbitrary observing time, the imaging area is assumed to be a section of arcs that go through the subsatellite point and are perpendicular to the satellite's moving track. The arc is about 10 deg relative to Earth's center and equal to 1150 km, which is the same as the swath of MERIS data. This kind of method ensures the simulated and actual data have the same coverage and the same observing geometry. The simulated coverage of a single orbit is shown in Fig. 4(a) , which is similar to the real situation in the same period of observing time as in Fig. 4 by the ESA.) The modeling time is March 1, 2006 , and the corresponding orbit number of ENVISAT is 20922. The Fresnel reflectance has weak dependence on the wavelength. So when we dealing with the MERIS product, any single band can be chosen. For a strip of MERIS images, the sun glint areas could be directly found in the color figure. However, the clouds (usually with high brightness) would cover parts of the ocean surface. The sun glint areas are marked with masks in the MERIS level 2 products, as shown in Figs. 5(a) and 5(b) . (Data provided by the ESA.) Figure 5 (c) shows the modeled sun glint area in the same observing condition, which agrees well with the sun glint distribution in MERIS product. The wind speed was set to 10 m∕s and the wind direction was set to the same with solar azimuth angle.
(b). (Data provided
To further compare the modeled sun glint area with the real situation, this paper intercepts parts of the MERIS ocean image that contains sun glint and little cloud coverage. Figure 6 (b) shows the synthetic RGB image of the MERIS level 2 product of the same area. The high glint area is marked with red and the image in this area cannot be corrected from sun glint contamination because the glint is so strong that it totally submerges other signals. The medium glint area is marked with blue. The reflectance in this area is between the high threshold and the low threshold in MERIS sun glint judgment. The medium glint area could be corrected. The simulated sun glint distribution image in the same observing condition is shown in Fig. 6(c) . During the calculation, the wind speed above ocean surface is derived from the MERIS level 2 product in the same region. The sun glint area is denoted by a filled contour chart and the highest reflectance is 0.29.
To quantitatively validate our simulation model on sun glint, we also make a comparison of reflectance on the section plane of the MERIS product and the modeled sun glint image, which is indicated with a red line in Figs. 6(a) and 6(c). The reflectance of the MERIS product is calculated with the Band 5 (center wavelength at 559.7 nm) of the level 1 product. The original data include water leaving radiance and the atmospheric scattering radiance, so these parts of radiance are eliminated by subtracting the minimum radiance for each pixel on the section plane. The acquired radiance is then normalized to 1 together with the modeled reflectance. Figure 7 shows the comparison between reflectance on the section plane as shown in Fig. 6 . In the left part of the reflectance of the MERIS product, there are some high reflectance points that indicate clouds. It is noticeable that in the right part of the section plane, the modeled reflectance rises up in the same way with MERIS reflectance. The section plane is selected because there are few clouds along the line. The results of the actual MERIS product and the predicted data agree well on the whole in sun glint distribution. It is also noticeable that the edge of the sun glint area is not smooth. This is due to the following factors. (1) The clouds cover part of the sun glint area. (2) The wind speed and direction are different from different areas, so the wave water reflectance may be discontinuous from pixel to pixel. (3) The satellite-based remote sensing is affected by atmospheric transfer effects and the sensor itself. (4) The Cox-Munk model is most valid for conditions of zero or slightly positive stability and requires a modification in conditions of negative stability (i.e., when the air-sea temperature difference is negative). 37 We also validate our model under the situation of geostationary meteorological satellite. We choose the remote sensing data from China's FengYun-2E (FY-2E) meteorological satellite. FY-2E was launched in 2008 and fixed at the geostationary orbit over 104.5°E. The sensors on board can take cloud images in the visible band during daytime. It can also take the infrared images of clouds during day and night. We use a single visible band image to analyze sun glint distribution and the infrared images can help us to recognize clouds.
The method we use here is same used in the validation with MERIS products. During the simulation, the orbit parameters are set according to FY-2E, the wind speeds above ocean surface are acquired from MERIS data, whereas the measuring date is same to FY-2E but different in specific time. The results are shown in Fig. 8 . Figure 8(a) shows the gray image of the Earth from FY-2E at a certain time, in which sun glint is supposed to appear in the view field and will not covered by clouds. Since clouds in the gray image could be much brighter than the ocean surface, the sun glint cannot be easily recognized. The clouds are masked with yellow in Fig. 8(b) . The simulated result is shown in Fig. 8(c) , in which the sun glint area is represented with a filled contour plot. The modeled sun glint area appears at the same position as in FY-2E image.
To further compare the differences between the modeled sun glint area and the actual image, we analyze the changing rules of reflectance along the same line. The center of modeled sun glint area is about 63.6°E, 2.1°N, so we choose the line near 2°N [red line in Fig. 8(b) ] as the sampling line. The results are shown in Fig. 9 . The digital value in FY-2E image is normalized to the range of 0 to 1 together with the modeled data for comparison. Figure 9 shows that the center position of modeled sun glint agrees well with the real situation in FY-2E image. However, the reflectance in FY-2E image does not vary smoothly along the sampling line. In this figure, we can notice the reflectance difference between the simulation result and the actual image in various regions. The possible reason is the wind speed and the water components concentrations are not the same as the supposed situation since the wind speed data are acquired from MERIS products in the same date but at different times. Case 1 water hypothesis is not plausible for such an enormous area (about 2800 km). The atmospheric condition is also different from the real situation. The measuring errors of FY-2E sensor could not be neglected.
Pattern and Influencing Factors of Sun Glint Above Wave Water Surface
Sun glint on wave water surface is mainly decided by two factors: (1) the geometry of incident and reflected light, i.e., solar azimuth angle, solar zenith angle, view azimuth angle, and view zenith angle; (2) the wave slope probability distribution determined by wind. This section discusses the light reflected off wave water surface into the whole celestial hemisphere and how sun glint patterns change with wind and varying sun positions. The Cox-Munk model is used in describing the reflectance parameters of the ocean surface. For each condition, the reflections in all directions are calculated by a proper sampling interval, i.e., where the zenith angle interval is 1 deg and the azimuth angle interval is 5 deg. Then the reflectance patterns are drawn in polar images, in which the central point stands for zenith orientation and the outermost circle represents the zenith angle of 80 deg. The viewing zenith angle and the azimuth angle are measured radially and tangentially, respectively. The solar azimuth angle is always set to 0 deg. The incident source only includes direct solar radiance and the diffused skylight is ignored. Although skylight can also cause sky glint, it is relatively minimal compared with sun glint. Figure 10 shows the reflectance distribution of sun glint under different solar zenith angles, different wind speeds, and directions. In addition to the polar image, this section also presents the reflectance distribution along the solar meridian and the results are shown in Fig. 11 . Combining the sun glint polar image with the meridian plane figure, we find that all of the glint areas have one peak value. The intensity drops off by more than four orders of magnitude from the center to the edge of the diagram, so it is difficult to extract the water-leaving radiance from subsurface features in the high glint areas. Maximum sun glint occurs at the forward scattering area (where the relative azimuth is 180 deg) and where the solar and the observing zenith angles are identical. The highest reflectance will rise with the increasing solar zenith angle. With the increasing wind speed, the glint areas will expand while the peak reflectance will decrease. As the height of the surface waves increases, the region that sun glint occupies widens. The size and distribution of sun glint in this region depends on both wind and wave fields. Consequently, these field parameters can be derived from the sun glint imagers of the ocean surface. The varying wind direction will change the shape of sun glint areas to a certain extent. The obvious distribution characteristics are somewhat broader along the upwind-downwind direction than crosswind. Sun glint region will be stretched along the same direction as the wind. Fig. 9 Reflectance of FY-2E image and modeled data along the latitude of 2°N [red line in Fig. 8(b) ]. The digital value of gray image and the reflectance value of modeled image are normalized to 0 to 1.
However, the peak value of sun glint reflectance is not obviously changed by the direction of the wind.
Distribution Pattern and Influencing Factors of Sun Glint at the TOA
For satellite-based ocean remote sensors, the light will pass twice through the atmosphere and the glint will inevitably be affected by the atmospheric conditions. This section utilizes the MODTRAN program to model the radiative transfer process and get the sun glint distribution at the TOA. The reflectance of the ocean's surface is first calculated and then input to a MODTRAN program. For each sampling direction of the celestial hemisphere, a MODTRAN calculation should be called, which is time consuming. The atmosphere mode is "middle-altitude summer" and the aerosol mode is "maritime" with a visibility of 23 km. The observing height is 800 km, which stands for satellite-based remote sensing. Here, we use the radiance as output parameters instead of reflectance. The intensity distributions of sun glint at the TOA under different conditions are presented in Fig. 12 . The polar image is defined in the same way as that of Fig. 10 . Because of the long path through the atmosphere, the effects of scattering, reflection, and absorption will weaken the impact of the wind to a certain extent. The high glint part is synonymous to the results in Fig. 10 . However, the relative low reflection parts show a higher radiance at the TOA, especially at a large observing zenith angle. The atmosphere is clear in our calculation, while a higher aerosol optical depth could lead to an increase of radiance in the lowglint direction.
Temporal Variation Rules of Sun Glint
In order to discern the temporal variation rules of sun glint center in the strip of an image, we modeled a series of sun glint images for the same region on different date. The 21st day of each month is selected so that the vernal equinox, summer solstice, autumnal equinox, and winter solstice are included. The latitude of each sun glint center is plotted in Fig. 13 . The sun glint areas of an identical image strip on four dates are shown in Fig. 14 . We can find that the highest sun glint reflection point in the simulated image strip vary with the imaging date approximately in the sinusoid. It appears at about 8°N on the vernal equinox and autumnal equinox, appears at about 30°N on the summer solstice, and appears at about 20°S on the winter solstice. It is not exactly symmetric about the equator since the image strip only covers a part of sun glint in the east edge and the highest sun glint reflection point may not be the center of the whole sun glint pattern. Furthermore, the satellite orbit is slightly slanted.
We noticed that the sun glint areas arise in low latitudes and seldom appear in high latitude ocean surfaces. After comparing series MERIS's ocean images, we discovered that: (1) sun glints are ubiquitous in low-latitude ocean images; (2) sun glint areas appear at the east part
2.45E-2 1.5E-3 Fig. 12 Sun glint patterns at the TOA under different conditions. Here, the geometry represent method is the same with Fig. 10 of an image; (3) sun glint areas are stripped along the longitudinal direction; (4) the highest sun glint is near the area that has the same latitude as the subsun point. The reasons for these phenomena can be explained as follows: (1) ENVISAT is a sun-synchronous orbit satellite; the observing geometry is fixed (solar azimuth angle, solar zenith angle, view azimuth angle, and view zenith angle) on a given point. ( 2) The MERIS's imaging time is about 10:00 for the local solar time, and the sun is always in the east direction to the image area, so it is easy to form the solar specular reflection. (3) During the imaging process on low-latitude areas, the satellite is moving along the longitude direction, so the sun glint area will move with the satellite, which shapes the glint area into a long strip. (4) The highest glint area will theoretically appear in the solar specular direction, which is different for different satellite position. However, the swath of a satellite sensed image is narrow. Most of the highest glint areas for different satellite positions cannot be covered by remote sensing image. But in the subsun area, the solar zenith angle is relatively small and it is easy to form a specular reflection between satellite and sun.
Conclusions
Sun glint can be a serious contamination in ocean remote sensing, but can also provide valuable information. When dealing with sun glint problems in ocean remote sensing, it is obviously a mistake to just avoid sun glint. In satellite-based remote sensing, whether making use of sun glint or eliminating its negative effects, one must determine the time-dependent spatial distribution rules of sun glint. This paper introduces a sun glint model of wave water and discusses the influencing factors about spatial distribution pattern and the temporal variation rules. The model accounts for contributions from sun glint, whitecaps, and underlight. By considering the effects of the atmosphere, the MODTRAN model is integrated with the sun glint model, thus we can model the sun glint distribution pattern at the TOA more accurately than the common one used. After combining with the satellite's orbital elements and the sensor's imaging characteristics, we propose a satellite-based sun glint model and simulate its time-dependent spatial distribution. The comparison of the modeled sun glint image to the corresponding MERIS data verifies the rationality of our sun glint prediction method. The comparison between FY-2E sun glint image and the simulated sun glint image validated our model under the situation of geostationary satellite observation. This satellite-based sun glint time-dependent spatial distribution model of the ocean is a kind of versatile model, which can be used not only in sun-synchronous orbit satellite and geostationary satellite missions, but also other satellite-based remote sensors. For different sensors, the sun glint distribution can be predicted using our model if only the orbit and sensor's parameters are provided. In this paper, we take the sun glint, whitecaps, and reflectance emerging from sea water into account, so this method actually describes the whole ocean color image simulation process.
The satellite-based sun glint time-dependent spatial distribution model can be used as a reference in orbit design and sensor viewing geometry in measurement. Alternatively, it can provide the prior information in sun glint correction. The model mainly embodies the effects of observing geometry on sun glint image. The wind speed, wind direction, whitecaps, and atmospheric transmittance need to be estimated using the synchronous measured data. However, the transmittance factors mainly affect the edges of sun glint area, but seldom change the whole coverage or intensity distribution. The reflectance of whitecaps and the reflectance emerging from sea water are negligible since it is quite low compared with sun glint.
Appendix: Calculation Process of Observing Geometry
First, we need to calculate the average angular speed (n) of the satellite according to Kepler's third law as Eq. (10) . The parameter G refers to the constant of universal gravitation, while Me refers to the mass of the Earth E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 1 1 6 ; 5 2 5
The satellite's mean anomaly (M) at an arbitrary observing time t can be obtained using Eq. (11), where t p is the time when the satellite passes the descending node E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 1 1 6 ; 4 6 1
Secondly, the eccentric anomaly E is calculated using the iterative approximation given by the following equation: 
The calculation ends when δE ¼ E n − E n−1 is smaller than a minimum threshold (such as 10 −8 ). Because the common remote sensing satellite's orbit is nearly circular, i.e., the orbit eccentricity e is small and the iteration will converge rapidly.
The position of the satellite in the orbital coordinate system (S) can be expressed as 
The transformation from orbital coordinate system (S) to the conventional inertial system (I) can be achieved by a rotation of the three axes as expressed in the following equation: 
Then the satellite's position is converted into a terrestrial coordinate system by the conversion matrix in Eq. (15) , where G AST represents the Greenwich sidereal time of the spring equinox 
coordinates of each pixel and the observing time, the solar position in the local horizontal system of coordinates can be accurately determined using an astronomical algorithm 38 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 1 ; 1 1 6 ; 7 1 1
